Archaeology is emerging as one of the key areas of applications for laser range imaging. This particular context imposes a number of specific constraints on the design and operations of range sensors. In this paper, we discuss some of the issues in designing and using laser range sensor systems for archaeology. Results obtained on remote archaeological sites will serve to illustrate these considerations.
Introduction
Archaeology is rapidly becoming one of the main areas of applications for range imaging. Explicit geometric measurements available through a reliable acquisition process complements the recording techniques already in use in this field. Furthermore, since range imaging provides dense surface measurement, it can quickly record a large amount of detailed information on complex shapes. The 3D models built from these measurements become another tool for onor off-site documentation, as well as the basis for analysis and study of the findings. Virtual versions of the artefacts can be rapidly disseminated to distributed research groups, as soon as they are excavated and digitized. Range imaging is at the heart of a number of recent projects related to archaeology and cultural heritage (e.g. [1, 3, 7, 10] ).
By nature, archaeological artefacts tend to span a wide spectrum of materials, scale, and shape complexity. The documentation needs are likely to vary accordingly. If the imaging of the artefacts is to occur on site, then a number of additional constraints are imposed on the design of the systems as well as on the imaging and processing strategies. This paper will illustrate and discuss some of our experiences in the use of laser range imaging in the specific context of archaeology. Results obtained on sites and in the laboratory are shown. Issues related to the design of range sensors, to their deployment, and to the applications of the data will also be discussed.
Range imaging
Active optical range imaging relies fundamentally on projecting light on the scene in a controlled manner, and on measuring one property of the reflected light. In the case of outdoors archaeological site work, the presence of intense sunlight is an issue, and requires high-intensity light projection in order to achieve a sufficient signal-to-background ratio. Range sensors project either a laser (beam or plane) or structured incoherent light patterns. Outdoors operation favors the use of laser-based techniques over incoherent light ones, since the challenge is signal detection under high ambient illumination.
Two basic principles are used in range imaging, triangulation and time-of-flight [4, 6] . Triangulation systems tend to be less costly, and provide significantly higher accuracy for smaller volumes (up to several meters). However they cannot be easily scaled up to handle long distance measurements. On the other hand, time-of-flight systems can reach hundreds of meters, with a quasi-constant resolution, and are the preferred technique for measuring an entire site at once.
Laser triangulation systems project a beam or a plane of light on the scene. Coverage of a surface is achieved by optical deflection with precisely controlled mirrors, or by mechanical displacement of the sensor system. If a beam is projected, then two degrees of freedom are required.
The basic geometrical principle of optical triangulation is shown in Fig. 1 . Knowing two angles of a triangle relative to its base (baseline d) uniquely determines the triangle, and thus the relative position of its apex, here the illuminated point on the surface. One of the angles is known by control of the laser deflection device, the other angle is measured indirectly from the position of the imaged spot on a photosensor. A profile in (x, z) is obtained by scanning the spot, or by translating the entire device.
The coordinates (x, z) of the illuminated point on the object (Fig. 1 ) are given by: where p is the position of the imaged spot on the position detector, θ is the deflection angle of the laser beam, d is the known separation between the lens and the laser source (called the sensor baseline), and f o is the effective distance between the position detector and the lens. Approximating σ z , the standard deviation of the error in z, as a function of p only, the law of propagation of errors yields
where σ p is the standard deviation of the error in p. The measurement uncertainty in z is therefore inversely proportional to both the baseline and the effective focal length of the lens, but directly proportional to the square of the distance z. In practice, f o and d cannot be made arbitrarily large. The baseline d is limited mainly by the mechanical structure of the optical set-up and by the increased presence of shadows (points that are occluded from illumination or observation) as d is enlarged. Lengthening f o reduces the measurement field of view of the system. An important feature of any triangulation-based system is that the noise varies with z 2 . The width of the field of view, and thus the lateral sampling density, varies linearly with z, since scanners usually apply a constant angular sampling density on the projection.
Resolution and depth of field
If the 3D imaging is to be performed during the excavation, it is not always possible to predict in advance the range of artefact sizes that will be encountered and digitized. Even if the artefacts to be imaged are known, they may very well span a variety of sizes and resolution requirements. Range sensors, specifically triangulation-based ones, are by nature designed for a specific volume of measurement. If an artefact exceeds the volume of the sensor, it is always possible to successively scan areas of the surface, and then assemble them into a model using registration and integration algorithms (e.g. [11] ). In fact, such a multiple-view integration approach is required to build complete models of objects even if they fit with the measurement volume. However, it imposes additional time and effort. Some situations may not require a complete all-around model, and thus obtaining all the information in a single view, or in as few as possible, is a significant practical advantage.
One solution to the fixed volume constraint would be to have a family of sensor heads designed for different volumes. This approach, akin to a photographer carrying a number of fixed lenses, while seemingly prohibitive now, may prove more feasible as the cost of integrated optoelectronics goes down. A zoomable and field reconfigurable sensor, while technically feasible, poses serious challenges, in particular with regard to calibration, if the goal is highquality geometric measurements.
Another approach is to use to one's advantage the variation with z 2 of accuracy in triangulation and the perspective imaging geometry of angular scanning. This means that range images taken at a shorter distance from the sensor exhibit not only a denser lateral sampling, but also a higher depth accuracy. Thus, if properly designed, the same unit can be used for smaller object work as well as longer range measurements, albeit with different performances.
One such sensor was used in an imaging mission to test and demonstrate its performance for on-site archaeological work. The same system was used to image stone artefacts, mosaics and marble floors, up to a 2-metre tomb carved in rock (details of each case will be discussed in Section 6). This system can measure surfaces from a standoff distance ranging from 0.5m to 10m, with a baseline of only 150mm. The light source is a solid-state infrared (λ = 820nm) laser diode, with typical 1-σ accuracies varying from 0.1mm at 0.5m, to 0.5mm at 1.5m, and up to 5mm at 10m. It should be noted that the values do not vary exactly as z 2 , since sources of error other than peak positions affect the imaging process. Immunity to solar illumination is provided by a bandpass optical filtering around the laser wavelength, but also by a non-linear peak position detection method [2] .
Biris
The Biris range sensor was developed to work in difficult environments where reliability, robustness, compactness and ease of maintenance are as important as the accuracy. Archaeological site work imposes such requirements. The main components are a standard CCD camera, a camera lens, and a mask with two apertures. A laser line is projected on the scene; a double image of the laser line is measured on the CCD camera (Fig. 2) . The Biris range sensor is in fact a combination of optical triangulation and of a focusbased method. For each imaged point, the two-aperture mask produces two distinct points p 1 and p 2 that are measured on the CCD. Range is obtained by either measuring the average position of the two laser spot images (triangulation) or the separation of the peaks (focus). In practice, the two measurements are weighted to obtain minimum variance on 1/z [5] . The combination of the triangulation and double mask techniques makes the Biris principle very tolerant to multiple reflections or ambient light illumination, in particular sunlight. Indeed, a bandpass optical interference filter will reduce the optical effects of the sun and ambient illumination, but will not eliminate them altogether. Furthermore, multiple or indirect reflections of the laser light will not be filtered, and may cause false measurements around concavities or discontinuities, if care is not taken to clearly identify the proper laser line. This phenomenon is illustrated in Fig. 3 where the presence of an optical interference filter is unable to remove the sunlight shining through the window. However the double line pattern is still identifiable and is explicitly detected. Since there is only one valid combination of peak position and spacing, the detection process can be made very robust. This camera configuration measures an entire profile at once. One additional degree of freedom needs to be provided, by translating or rotating the plane of light. Because Biris is intrinsically a triangulation-type system, its accuracy also behaves according to the z 2 law. This technology, and its commercial derivatives, is being used by several groups in heritage and archaeological 3D imaging (e.g. [7] ). One of our laboratory prototypes is shown in Fig. 4 , mounted on a translation rail, being used to record carved niches at the Bei Shan site near Dazu, China. 
Surface conditions
The underlying hypothesis of all range imaging is that the surface element being measured at one given time is smooth, flat, opaque and uniformly reflective. Each measurement is represented as a point. In practice, the illuminant (spot or line) has a finite width, and the materials may be rough (at a macroscopic scale), translucent, inhomogeneous in surface or volume, or highly specular.
In archaeology, issues of surface conditions and materials may be a factor in the actual field performance. The impact of material properties has been discussed in the case of clean marble [9] , where a direct correlation between the spot diameter and the noise level has been observed. Sharp transitions in surface reflection within the footprint of the illuminant induce errors in the estimation of the spot position, and thus the 3D measurement. Space-time analysis [8] alleviates these measurement errors; however it has not been widely used in practice due to the high memory requirements.
Field test cases
Archaeology was seen early on as an application area that could potentially benefit from 3D imaging, but also as one that would put stringent constraints on the equipment. While this field had already developped an extensive set of documentation techniques, there was an interest in seeing how the availability of 3D data could add to these, and what types of image processing would prove useful to practitioners. For this reason, a number of test projects were devised. We report here on one particular mission to Israel that is particularly relevant. It included a number of sites and artefacts, under actual field environmental conditions. A range of target applications were identified in collaboration with our partners from the Israel Antiquities Authority.
The imaging was performed on-site by a two-person team from our laboratory. The processing was done in part during the mission, and completed later in the laboratory. The scans took place over the course of a few days, including packing and transport. 
Frescoes
Frescoes are not usually thought of being within the realm of interest of 3D imaging. However, when frescoes are uncovered at an archaeological site, one of the first tasks to be accomplished is to record the condition of the surface as much as the pictorial information. One important part of the condition report is the delineation of loss areas. One usual recording technique consists in sketching the surface detail to scale and providing photographic records of the paintings. The fresco at the Hippodrome in Caesarea was scanned to evaluate how much of the condition reporting could be automated. This test was undertaken to facilitate comparison of the data recorded by the scanner with traditional recording methods. The fresco was recorded using the system in direct sunlight. Images were acquired from a distance ranging from 0.75m to 1m. Approximately three square meters of wall were scanned within half a day of field work. Twelve overlapping images were acquired. One day of image compilation time was required to produce the results shown in Fig. 5 . The accuracy of the 3D data is within 0.2mm, at an average lateral resolution of 0.5mm. Deterioration of the wall surface can be measured over time by re-scanning the same surface at a later date and registering the two scans. With a complete scan, monitoring over the entire surface, not just at the borders of loss areas, can be obtained.
Mosaics
Caesarea also contains mosaic floors of both Roman and Byzantine periods. With its small and irregular spaced tiles and patterns, mosaic flooring is often difficult and time consuming to accurately record using conventional techniques such as rectified photography. Three-dimensional laser imaging provides a metric representation for the complete mosaic surface, not just the interstices as is usually the case. This 3D representation contains information on the tile conditions that are not easily extracted from photographs, even with multiple views.
The documentation of mosaics allows the study of their design, as well as a record of their condition. Some tiles were missing, and parts of the surface of the Byzantine mosaics were severely deformed. The exact amount of damage at a given time can be recorded for conservation purposes. The images were taken at a standoff distance of 0.75m, each image covering approximately 0.5m × 0.5m. Figure 6 (a) shows four individual scans assembled into a 3D model. It is rendered with the measured infrared intensity. Detailed areas of two individual scans appear in (b) and (c), and illustrate the lateral resolution achieved on tiles. The sensor is shown in operation in (d) over the corresponding area of mosaic. Other portions of mosaic and marble floors were also documented during the same half-day.
Bas-relief
The Rockefeller Museum in Jerusalem houses the lintel of the Holy Sepulchre Church. A 1 m 2 section of the lintel was scanned "in-situ" in the display case, at a lateral resolution of 0.5 mm in x and y (Figure 7) . The depth resolution varied from 0.1 mm at a standoff distance of 0.75 m, and up to 0.2 mm at 1 m. It required approximately two hours to scan the 13 images covering the section, with additional time required for set-up. Relief surface such as this one requires additional views to access the occluded areas. Approximately two days were subsequently needed to complete the modeling of the data. The objective of this scan was to prepare a high resolution 3D digital model of a section of the lintel to provide a record which can be used to fabricate a replica, to provide documentation for curatorial research and to provide information for the monitoring of future decay or deterioration. 
Arcosolia room
The Arcosolia Room of St. James' Tomb in Benè Hézir measures approximately 2m × 2 m × 1.8m in height. It is carved in rock and the interior surfaces are rough and irregular in shape. Architectural and archaeological sites that bear surfaces of this nature are difficult to record accurately with a high level of detail using conventional techniques such as traditional surveying, rectified photography, photogrammetry, and distance meters. Traditional surveying techniques have difficulty in acquiring and representing such level of details. Here, the goal was to digitize the tomb's entire envelope to prepare an archival record for conservation documentation. It required one half day of on-site recording time to acquire 65 images that cover the entrance tunnel, walls, floor, and ceiling.
In this case, the scanner operated on average at a distance between 1 and 1.5m from the rock surface. Angular sampling was half of what was used for the mosaics. Each 512 × 512 image has a sampling resolution of 2 mm and a depth resolution of 0.3 mm. Subsequently, about four days were required off-site to finalize a series of 3D digital models at different resolutions.
The resulting digital models can be rendered in several ways to assist in the analysis and interpretation by experts. This flexibility of representation from a single source of information is one of the advantages of 3D imaging as a basic documentation system. In discussions with users of the data, it has proven useful to show the ability to extract, from the models, information in forms that are currently in use for documentation.
Operational considerations
Archaeological site work imposes severe conditions on equipment. The conditions of temperature and humidity impact on the electronics. Fine sand, salt or dust interferes with the mechanical components. Most of these problems can be addressed to some extent by applying traditional engineering solutions. Logistic issues are also constraining: availability and stability of electrical power have posed difficulties for the operations of some equipment; the fragile nature of sites often imposes restrictions on access and available points of view for in situ imaging. Additionally, the imaging must not interfere with the usually tight work schedule of the archaeological team. Other 3D imaging projects requiring field work have also met similar chal- lenges [1, 3, 10] . Imaging in an uncontrolled environment imposes limits to the performance of any 3D imaging equipment: inadequate mounting, vibration, temperature fluctuations, atmospheric refraction and dispersion in long distance measurement are variables that are not encountered in a laboratory setting. Expectations on accuracy of measurement need to be scaled down accordingly. Additionally, on-site verification and monitoring of sensor performance is essential to prevent against calibration drifts that might not be recoverable afterwards.
The use of laser scanning equipment in an active excavation must also follow the normal safety requirements and regulations. Since those tend to vary on a national basis, working abroad with such equipment may entail some authorization procedures. Eye-safe systems, for example those operating at the 1.54µm wavelength [2] , may simplify the task of deploying of sensors in active excavations.
Conclusion
This paper has shown a series of actual results obtained with range imaging on archaeological sites. Our goal was to illustrate what we believe is achievable on real sites, with existing technology. We are pursuing research in sensors, procedures, as well as processing techniques, in collaboration with practionners, in the hope of bridging the gap between the laboratory demonstration and the regular use of these techniques in archaeology.
